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Abstract Recent observations of optical phenomena above an active Iiglitning discharge such as red sprites, blue jets, blue starters and
elves have refocused interest in this field and its consequences. It is argued thaL during liglUning di.schatgc ICLF, VLF and optical cmis.sions arc 
generated. Analyzing the recorded data it is clciu-ly shown that inten.se ELF generation from positive cloud to ground ligjitnmg discharge is an 
indication of the presence of red sprite. Daytime observation of red sprite is diRicult and hence ELF waves can work as an indicator.
The diagnostic featuies of ELF and VLl*' waves are abso discussed and interesting results based on the analysis of whistlers 
recorded at Indian stations are presented. Recently, association of VLF waves with Earthquakes and red sprites are reported Wc have bnetly 
.<«umman?.cd some results related with these phenomena.
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C o n c lu s io n s
1. I n t ro d u c t io n
The l ig h tn in g  is  k n o w n  to  a r ise  fro m  C lo u d  to  G ro u n d  (C G ), 
Cloud to  C lo u d  (C C ) a n d  In tra -C lo u d  (IC ) e le c tric a l 
discharges. T h e  o b se rv a tio n  o f  e le c tro m a g n e tic  p h e n o m e n a  
associated w ith  l ig h tn in g  h e lp e d  to  a  la rg e  e x te n t in  its
Comiponding Author
u n d e rs tan d in g . T h e  rad ia tio n  o f  c lc c tro in ag n c lic  w aves fro m  
lig h tn in g  d isch a rg e  c a n  be co n sid e red  a s  ra d ia tio n  fro m  
e lec tric  d ip o le  a n ten n a . T h e  C G  rad ia te  e le c tro m ag n e tic  
w aves like  a v e rtic a l d ip o le  a n te n n a  w h ere  a s  C C  an d  IC  
ra d ia te  e le c tro m ag n e tic  w av es lik e  h o riz o n ta l d ipo le . Som e 
tim es  they  m ay  b e  co n sid e red  a s  a d ip o le  a lig n e d  a t c e r ta in  
an g le  fro m  th e  v e rtica l. A s a  re su lt o f  lig h tn in g , e n e rg iz e d  
ch a rg e  p a rtic le  b eam  is set u p  w h ich  is  k n o w n  to  rad ia te  w id e  
sp ec tru m  o f  e le c tro m ag n e tic  w aves : o p tica l e m iss io n s , X - 
rays a n d  g am m a-ray s  [1 -3 ] . T h e  m ic ro p ro c csse s  in  th e  C G , 
IC  a n d  C C -d isc lia rg es  a re  n o t w e ll u n d e rs to o d  a n d  effo rts  
a r e  b e in g  m a d e  to  u n d e r s ta n d  th e  in v o lv e d  p h y s ic a l  
p rocesses. T h e  co m p lex  e lec tro d y n am ic  p ro p e r tie s  o f  th e  
a tm o sp h e re  in f lu e n c e  th e  e x c ita tio n  a n d  p ro p a g a tio n  o f  
e le c tro m ag n e tic  s ig n a l g e n e ra te d  by  lig h tn in g  d is c h a rg e s  
a n d  g ive  rise  to  a  d iv e rs ity  o f  th e  typ ica l s ig n a l w ave 
fo rm s  a n d  a m p litu d e s  in  th e  v a rio u s  sp ace -tim e  d o m ain s .
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This causes d ifficu ltie s  and controversies in the interpretation 
o f  experim ental data.
In  th is review , we shall be discussing extrem ely low  
frequency (E L F ) and very low  frequency (V L F ) waves in 
e lectrom agnetic wave phenomena and sprites in the optical 
radiation. L ig h tn in g  discharges excite the natural cav ity  
form ed by the surface o f  the Earth and the low er ionosphere, 
w h ich  oscillates at discrete frequencies known as Schumann 
resonance frequencies. The eigen frequencies o f  oscilla tions 
are 7.8, 14.0, 20.0, 26.0, 33.0, 39.0, 45.0 Hz and am plitude 
varies between 100 and 200 p V m  ‘ H z ‘ [4 ]. These waves 
are used to  m on ito r thunderstorm s, sprites and total sprite 
lum inos ity .
A tm ospherics, whistlers and V L F  emissions are a group 
o f  com p lex  and fasc ina ting  natural wave phenomena 
generated d itr in g  lig h tn in g  discharges, wh ich  were the firs t 
to be observed amongst plasma waves from  space. The part 
o f  V L F  wave energy from  ligh tn ing  discharge propagating 
upward is trapped in the Earth-ionosphere wave-guide and 
m ay echo back and fo rth  between the boundaries o f  the 
wave-guide m any times before disappearing into the back 
ground noise. The signal having  very little  dispersion is 
know n as atmospherics o r sferics. It has been used to study 
ion iza tion  at the low er edge o f  the ionosphere [5 ,6 ]. The part 
o f  V L F  wave energy w h ich  is not reflected back from  the 
low er edge o f  the ionosphere, penetrate the ionosphere and 
propagate along d ipo la r geomagnetic fie ld  lines c ither in 
ducted o r non-ducted mode. These waves can propagate 
back and fo rth  a long the fie ld  lines w ith o u t much attenuation. 
The presence o f  ion ization along w ith  magnetic fie ld  produces 
dispersion in th e . V L F  wave. U sua lly , h igh frequency 
component travels faster as compared to low  frequencies and 
signal is term ed as w h is tle r. The spectrum could be very 
sharp o r d iffused  depending upon the nature o f  the duct 
through w h ich  it has propagated. W h is tle r has been used as 
a potentia l d iagnostic too l [7 ,8 ] o f  the magnetosphere. 
Plasma parameters such as density, large scale e lectric fie lds 
and electron temperature are determ ined from  the dispersion 
analysis o f  w h is tle r waves. Ion com positions arc derived 
from  hydrom agnetic  wh istlers or ion cyc lo tron  waves [9 ]. 
W h is tle r mode waves have also been used to  diagnose 
m agnetic fie lds  and partic les in the solar corona [10 ]. Plasma 
parameters in the outer magnetosphere can be studied by 
analyzing V L F  w histlers observed in the outer magnetosphere 
[1 1 ]. L ig h tn in g  exc ites w h is tle rs  no t o n ly  in E arth ’s 
magnetosphere but also on Jupiter [ 12], Neptune [13 ,14] and 
Venus [1 5 ], a lthough the la tte r observations are s till being 
debated [16 .17 ].
E arlie r, the region  above thunder storm  was considered 
to  be passive, do ing  lit t le  m ore than to a llow  radio  waves 
through to  the ionosphere and pass the thunderstorm  (vertica l)
currents that help to  m ainta in  the e lec trifica tion  o f  the f j ir  
weather atmosphere through the thunderstorm  driven global 
electric c ircu it. Th is region gained im portance because o f the 
observation o f  transient optica l phenomena lasting less than 
30 seconds. These events are red sprites, blue je ts  and blue 
starters [2 ]. Fishman et ^ /^ [ 1 ] have demonstrated the existence 
o f  a num ber o f  gam m a-ray events associated w ith  lightnmo 
discharge. F o llo w ing  the experim ental break through, tlicrc 
have been m any suggestions about the generation and 
propagation mechanism o f  these signals [18J.
In th is paper an attempt has been made to summarize the 
available in fo rm ation  about the E LF  and V L F  waves, and 
optica l emissions. Emphasis is m ostly  on the diagnostic 
features o f  these radiations caused by lig h tn in g  discharges
2. E L F  waves/Schum ann resonances
The active research in the entire band o f  E LF  propagation 
was stim ulated because o f  US Navy's interest in investigating 
th is  band  fo r  p o s s ib le  a p p lic a t io n  in  subm arine  
com m unications [19 ]. W illia m s  [20 ] has discussed no\cl 
application o f  Schumann resonances to Earth system studios 
Schumann resonances are the e igen-frequencies o f  the Earth- 
ionosphere cav ity  osc illa tions excited by g lobal lightning 
ac tiv ity  over the frequency range 6 to 50 H z [21]. I he 
p rinc ipa l features arc summarized below
Propel ty Vertical electric Hori/oiUal r.iapncii'.
fields fields
Figen frequencies 7 8. 14. 20, 26, 33, 7 8. 14, 20, 2(>.
< 50 IIz 39, 45 Hz 39, 45 IIz
Diurnal variation 
o f / .
± 0 5 Hz ± 0 5 Hz
Amplitude -100-200 g V m 0 5-1 pTHz ' ♦
Diurnal amplitude 
variation
±50-100 ^Vm ‘H /-‘'2 ± 0  25-0.5 p ill/
Maximum intensity 
period (western 
hemisphere)
2000-2200 UT 2000- 2200 in
Polarization Linear (vertical) Linear (elliptical)
Primary .source of Power lines, acoustic Power lines, acoustic
interference noise, blowing dust. noise, movement of
rain etc vehicles, magnclic 
materials etc
C loud  to  ground discharges are believed to  be the 
p r in c ip a l e xc ita tio n  sources o f  Schum ann resonance. 
Um an [22 ] argued that g lobal average discharge rates ol 
100 sec"‘ w ith  peak currents o f  the order o f  2 0 -3 0  kA  lor 
strokes o f  average lengths o f  3 to  5 km , are su ffic ien t to 
excite the Earth-ionosphere ca v ity  to  the observed level of 
intensities o f  both e lectric  and m agnetic f ie ld  spectra. The 
d iu rna l in tensity  p ro files  are s im ila r fo r  both e lectric and 
m agnetic  f ie ld  spectra. U su a lly , Schum ann resonance
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intensities undergo a quasi-periodic d iu rna l m odu la tion  in 
the vertica l e lectric  fie ld  and horizonta l magnetic fie ld  
iriicnsitics. Sentmann [23 J has discussed day to  day variations 
,n the d iurna l p ro file  in terms o f  v a ria b ility  in the to ta lity  o f  
the L^iobal lig h tn in g  source functions. The contribu tion  from  
liohtning over the oceans is re la tive ly  small. D iu rna l p rofiles 
Simultaneously recorded at w id e ly  separated locations .show 
striking d ifferences. I f  correction to  local tim e effects is 
Liken in to  account (assum ing u n ifo rm  d is trib u tio n  o f  
Schum ann resonance energy in the cav ity  and conservation 
o f wave energy), then the pow er spectra recorded at tw o  
diHercnt stations become identical. This shows that Schumann 
lesunance energy is u n ifo rm ly  d istributed throughout the 
I arih-ionosphere cav ity , eventhough lig h tn in g  discharge is 
not u n ifo rm ly  d istributed over the w ho le  globe. Thus, 
Schum ann resonances m ay be considered as a unique 
signature o f  g lobal lig h tn in g  and it can be used to m on ito r 
global ligh tn ing  a c tiv ity  |24 ,25]. W illia m s  [20J demonstrated 
j  clear annual co rre la tion  over a six year span between the 
Variation o f  the firs t Schumann resonance mode intensity 
(horizontal m agnetic fie ld  com ponent) and the trop ica l 
temperature e xh ib itin g  the fact that it can be used as a g lobal 
iioptcal therm om eter. A d d ition a l observations and theoretical 
work arc needed in several key areas to  establish the strength 
ol the thunderstonm-resonance lin k . Further, large scale 
distortions in the upper boundary o f  the Earth-ionosphere 
cavity may also produce corresponding effects on Schumann 
resonances. A n  assessment is required both theore tica lly  and 
observationally, o f  the effect o f  such ionospheric perturbations 
on the resonances before it can be used fo r proper d iagnostic 
purposes.
A part from  c loud to  ground discharge, the vertica l 
current com ponent o f* in lra -c loud  and in ter-c loud  discharges 
could also excite the Earth-ionosphere cavity . The fluctua ting  
current in the auroral e lectro je t w ith  tota l current A  
llow ing  w ith in  the upper boundary o f  the cav ity  at altitudes 
o f 100 km  and m odulated by m agnetospheric A lfvt^n waves 
could also excite  the cav ity  [26 ]. Reising et al [27 ] has 
indicated that the resultant e lectrica l current associated w ith  
optical flashes between the c loud tops and ionosphere could 
constitute a poten tia l e lectric  d ipo le  exc ita tion  source o f  the 
E arth -ionosphere  c a v ity . H ig h -re s o lu tio n  p h o to m e te r 
measurements and E LF  measurements demonstrate the 
sim ultaneity o f  sprite lu m in o s ity  and the second E LF  
pulse [28 ]. F u lle k ru g  and Reising [29 ] have studied the 
d istribution o f  f irs t re turn  stroke peak current w ith  ligh tn ing  
flashes recorded by N a tiona l L ig h tn in g  Detection N e tw o rk  
on August 1, 1996 and have shown that m ost o f  the ligh tn ing  
discharges are associated w ith  negative cloud to ground 
currents. The dat^ is shown in F igure I . The peak occurrence
rate corresponds to currents -1 0  to -1 5  kA . O n ly  a sm all 
num ber o f  discharges have positive cloud to  ground currents. 
The association o f  Earth-ionosphere cav ity  resonance w ith  
ligh tn ing  current is shown in F igure 2. It  is seen from  the
Figure 1. Distribution of lightning Hashes as a function peak current 
during lightning discharge as recorded by NLDN on August. 1, 1996.
Figure 2. Distribution of lightning flashes exciting Earth-Ionosphere 
Cavity Resonances as a function of peak current during return stroke.
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figu re  that large num ber o f  cav ity  resonances are excited by 
positive  cloud to ground currents - 2 0 -  70 kA . O n ly  less 
than the one-th ird  events are associated w ith  negative 
c loud  to ground discharges. S im ilar result was reported 
by [291.
In Figure 3, we have plotted sprite associated ligh tn ing  
discharges as a function  o f  peak current. Invariably, the 
num ber o f  discharges decreases as the peak current increases. 
It is noted that fo r  peak current less than 50 kA , about 20%  
o f  the discharges are associated w ith  sprites. As the peak 
current increases, the occurrence percentage o f  sprite 
increases. For example, the occurrence percentage o f  sprite 
rises to about 50%  when peak current is less than 70 kA .
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flashes as shown in Figure 3. The num ber o f  events in each 
energy band are shown in the figure  (to ta l events = 334). In
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Figure 3. Distribution of sprite associated lightning discharge as a 
function of peak current. The number of events associated with each peak 
current is shown at the top of the vertical line inside the figure. The total 
number ot events is 334.
For h igher peak current (> 80 k A )  sprite associated strokes 
are greater than 70% . Sentmann et al [4 ] have also shown 
association o f  red sprite w ith  strong positive  cloud to  ground 
discharges. It  is also noted that large currents are associated 
w ith  the excita tion  o f  Earth-ionosphere cav ity  resonance 
(E IC R ). Thus, it is seen that a ligh tn ing  discharge occurring  
w ith  large positive  cloud to ground current is associated w ith  
both the E IC R  and optica l transient phenomena such as red 
sprite. Th is shows that the large discharge current (> 5 0  k A ) 
may be responsible fo r the excita tion  o f  both E IC R  and 
'O ptica l phenomena. The m on ito ring  o f  E IC R  on the Earth 
surface is easier and it  can be used as an ind ica to r o f  red 
sprite. Based on simultaneous detection o f  discrete excita tion 
o f  E IC R  at tw o  o r m ore stations, we can p red ic t the location 
o f  lig h tn in g  discharge w h ich  m ay be associated w ith  sprite. 
It should be noted that during  daytim e in the presence o f  
intense sunligh t, detection o f  optica l transient phenomena 
becomes d if f ic u lt  whereas detection o f  E IC R  is sim ple and 
easy. Hence, E IC R  can be used as a to o l to  indicate the 
presence o f  transient optica l emissions.
F igure 4 shows d is tribu tion  o f  sprite associated sferics as 
a function  o f  E L F  sferics energy fo r the same num ber o f
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Figure 4. Distribution of sprite associated sferics as a function of I LF 
sfcric energy in dB Out of 334 event analyzed only 263 events were 
associated with .sprites.
th is diagram, 0 dB or base pow er is taken as 0.057 (riT)-. 
The mean value o f  ELF s fc ric ’ s energy is 0.5 dB. l l  is noted 
that about 20%  sprites are associated when ind iv idua l FLF 
energy equals to mean value. When sferics energy increases 
the number o f  associated sprites also increa.ses. From the 
figure, it is seen that a ll the ELF sferics having  energy greater 
than 12.5 dB are associated w ith  sprites. Hence, high-energy 
E LF  sferics could be considered as an ind ica to r o f  sprites. 
Further, it is know n that the measurement o f  sferics energy 
is easier as compared to  measurement o f  weak signal o f 
sprites. Reising et al \21] argued that the E LF sferics energy 
acts as a p roxy ind ica tor fo r the production  o f  sprite i f  it 
exceeds 7 dB above the mean value. A t a distance o f --500 
km from  sprite p roducing thunderstorm , they have been able 
to  measure the second pulse o f  ELF sferics wh ich  is 
associated w ith  about 20%  o f  sprites. The s im u ltane ity  o f  the 
second E LF  pulse w ith  sprite lum inos ity  indicates that the 
fo rm er is produced by currents in the body o f  the sprite [28]. 
Thus, measurements o f  the second E LF  pulse can also be 
used to ide n tify  a re la tionship between sprite current and 
to ta l sprite lum inosity .
3. S fe r ic s
Part o f  the V L F  wave energy radiated during  lightn ing 
discharge penetrate the atmosphere and propagate through 
the Earth-ionosphere wave-guide and is inva riab ly  recorded 
in the conjugate region a long w ith  w h istlers as causative 
sferics. Th is propagation mechanism is know n  to  contain 
in fo rm a tion  about the height o f  the re flec ting  layer and the 
trave llin g  distance o f  the pulse. In  the absence o f  appreciable 
dispersion, causative sferics appears as ve rtica l traces on 
w h is tle r sonograms except near the c u t-o f f  frequency o f  the 
wave-guide. The cum ulative  dispersion near the lower 
frequency end o f  the spectrum cou ld  be explained by
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considering frequency dependent conductiv ity  o f  the bounding 
surl’ace (the Earth and the ionosphere). Further, it should be 
noted that the low er edge o f  the ionosphere is a d iffused layer 
rather than a sharp re flec ting  layer. Outsu (30 j has shown 
!hat the error introduced due to the assumption o f  perfect 
conductor fo r the re flec ting  layer in the trave lling  distance 
and reflecting layer height arc 9%  and 5%  larger respectively. 
Reeve and R ycro ft [31 ] record ing tweeks during  a solar 
eclipse deduced from  the varia tion  o f  the low er lim itin g  
frequency that the height o f  the low er ionosphere varied 
from 69 km  to 76 km during  the eclipse period. Barr [32J 
and Yamashita [33 ] discussed the fo rm ation  o f  tweeks and 
evaluated various parameters such as the phase ve locity , 
attenuation c o e ffic ie n t, po la riza tion , m ix in g  ra tio  and 
excitation factor. Prasad [34 ] has studied the role o f  the 
conductivity o f  ground and sea m ixed path, foi*ming the 
lower surface o f  the F.arth-ionosphcrc wave-guide on the 
V l.F wave propagation through the guide and has explained 
the form ation o f  tw'eeks. H igher order harm onics along w ith  
fundamental modes have been experim enta lly  observed 
(5,6,35] w h ich  are interpreted by considering V L F  wave 
propagation through the Earth-ionosphere wave-guide.
Sferics is used to locale the ligh tn ing  source Using the 
Farth-ionosphere wave-guide mode propagation, the distance 
traveled by sferics from  the source can be estimated by 
detennining the tim e interva l between tw o  close frequency 
/) and /: ,  and is g iven by \5]
o - ^ \ < ^ t \ i v , i i , 2 ) / \ y , 2  (1)
where and l'f,2 are group ve locities o f  waves o f  the same 
mode determ ined at d iffe re n t frequenc ies /j and /2  and Si is 
the time d iffe rence measured from  spectrogram o f  tweeks 
between tw o  chosen frequencies. Using the above form ulation, 
Singh et a l  [5 ] estimated location o f  the source, wdiich was 
not far fi*om the record ing site Varanasi. Further, tlie reflection 
height corresponding to  the fundam ental frequencies and the 
second and the th ird  harm onics were estimated w h ich  lead 
to the conclusion that the upper boundary o f  the wave-guide 
IS a d iffused boundary.
The h igher harm onics are used to  estimate ion ization 
density at the boundary o f  the wave-guide. From the Appleton- 
Hartree equation, the wave re flec tion  cond ition , w h ich  is 
independent o f  d irec tion  o f  propagation, is g iven by
C0]y =  0)^ ^(OCOii, (2)
Near the lower edge o f  the ionosphere wh ich  is also the 
upper boundary' o f  the wave-guide, fn 1.34 M H z  can be 
considered. Under th is cond ition , the above equation 
rediMfes to
N 1.66 ^ 1 0 '^ /  cm \  (4)
In the case o f  tweeks, / ’ is the c u t-o ff frequency o f  the 
tweejks. Shvets and Hayakawa |6 ] analyzed dynam ic spectra 
o f  inp lti-m odc (e ight mode) tweeks shown in Figure 5. From 
the < ^ t-o ff frequency o f  the mode, fundam ental frequency 
fo r a|l the modes is found to be p ractica lly  same. Using the 
trend o f  these values, i f  we estimate electron density, we find  
an increase in the electron density from  28 to 224 cm \  in 
the a ltitude range o f  2 km at the height o f  88 km.
where cOp is angular plasma frequency and (oh is angular 
electron gyro -frequency. For V L F  wave propagation, co «  
and from  the re flec tion  cond ition  fo r the c u t-o ff wave 
frequency co -  coi', the e lectron density is obtained as
== 1.25 (Oc X 10“-* Z c // /  c m ' I  (3 )
Figure 5. Fxtended dynamic spectrum of multimode tweek recorded on 
January 21, 1991 at 20 30 47 GMT The cut-off frequencies arc in the ratio 
I 2 M  5 6 7 8 (after Shvets and Hayakawa, 16])
I f  the boundary w a lls  o f  the wave-guide are not perfectly  
conducting surfaces, then the h igher order modes are 
attenuated. The attenuation facto r defined as the num ber o f  
dB per 1000 km  o f  path length is g iven by [5 ]
a „  =1 .816 X 1 0 ’ / y , , ,  (5 )
y„ = -{tm ! kh){A I nn) I X„,
X„ n^)ll+ {(\-n^7 t^lk^h^
fx, and i^g are re fractive  indices o f  the ionosphere and the 
Earth-surface respectively, is the re frac tive  index o f  the 
m ateria l f i l l in g  the wave-guide. O ther parameters are defined 
by Singh et al [5 ]. The attenuation co e ffic ie n t fo r  d iffe ren t 
m ode fo r  the f in ite  co n d u c tiv ity  o f  the Earth-surface
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( a ,  =  1 0 "* m h o /m ) and  inner io n o sp h eric  layer (cr, =  1 0 "* 
m h o /m ) is ev a lu a ted  w h ich  is show n in F igure  6 . T he  
co m p u ta tio n  is m ad e  fo r w av e-g u id e  h e ig h t h -  8 8 , 92  and  
96  km  resp ec tiv e ly . It is no ted  tha t the  a ttenua tion  increases 
g rea tly  as th e  freq u en cy  ap p ro ach es  th e  c u t-o ff  frequencies.
T he w av e-g u id e  m o d e  th eo ry  is a lso  u sed  to  reproduce 
th eo re tica lly  th e  dy n am ic  sp ec tra  o f  tw eek s . F o r one  set of 
con d u c tiv ity  the  sp ec tra  o f  tw e e k s  u p  to  th re e  m odes are 
sh o w n  in F igu re  7. It is fo u n d  th a t as th e  h e ig h t o f  w a v e ­
g u id e  in creases, th e  co m p u ted  tim e  d e lay  d ec reases  for a 
g iven  frequency . F u rther, as th e  w ave m o d e  n u m b e r increases 
the  separation  betw een  spectrum  increases. In  th e  computation 
to ta l path  is tak en  as 2 0 0 0  km s. I f  w e co n sid e r finite 
co n d u c tiv ity  o f  th e  E arth  then  d isp e rs io n  n e a r  cut-off 
freq u en c ies  w ill b e  in creased . I f  w e  c o n s id e r diffused 
io n o sp h eric  layer, th en  d isp ersio n  w ill be en h an ced . T h i s  is 
ex p erim en ta lly  observed .
Figure 6. Wave attenuation as a function of frequency for the fundamental, 
the second and the third harmonics for waveguide height 88, 92 and 
96 km respectively and oj ■ 1(H mho m"', an «  iO"’ mho m"*.
It a lso  in c reases  w h en  th e  lay e r h e ig h t d ec reases. T h is  
a tten u a tio n  versu s  f req u en cy  ch a rac te ris tic s  ex p la in s th e  
ex is ten ce  o f  lo w e r lim it o f  freq u en cy  o f  w aves. F u rth e r, it 
is e v id en t th a t a s  th e  w av eg u id e  m o d e  n u m b e r increases, 
a tten u a tio n  in c reases. F o r ex am p le , th e  fu n d am en ta l m o d e  
h as  :q )p rox im ate]y  30  d B /1 0 0 0  k m  a tten u a tio n  ex cep t n e a r  
th e  c u t-o f f  freq u en c ies . T h e  seco n d  an d  th e  th ird  h a rm o n ic  
m o d e s  h av e  a tten u a tio n  co e ff ic ien ts  a b o u t SO d B /1 0 0 0  km  
a n d  6 0  d B /1 0 0 0  km  resp ec tiv e ly . I f  th e  co n d u c tiv ity  o f  
a n y o n e  lay e r o r  b o th  is in c rea sed  th en  th e  a tten u a tio n  fac to r 
is  d ec rea sed . F o r  a  p e rfec tly  co n d u c tin g  w av eg u id e  layer A  
0 , w h ich  sh o w s  th a t d ie  a tten u a tio n  fa c to r fo r  each  m o d e  
v an ish e s  a n d  th e  ftm d am en ta l tw eek s  a lo n g w ith  its h ig h e r  
h a rm o n ic s  sh o u ld  b e  o b se rv ed . H o w ev e r, in  p rac tic e  a s  th e  
h a rm o n ic  n u m b e r  in c reases  its p ro b ab ility  o f  o b se rv a tio n  
d ec reases . T h e  h a rm o n ic  tw e e k s  h ig h e r  th a n  th e  th ird  h av e  
n o t b een  d e te c te d  a t In d ian  s ta tio n s , a lth o u g h  a t h ig h  
la titu d es d ie y  h a v e  b een  o b se rv e d  [35].
Figure 7. Computed frequcncy-limc spectra of the fundamental, the 
second and the third harmonics for d  = 2 0 0 0  km oj ■= I0~* mho n r ' ,  
an = mho m"*.
H ay ak aw a  etal [36] u sin g  so p h is tica ted  s ig n a l processing 
te c h n iq u e  an a ly zed  d ig ita l d a ta  o f  w av e  fo rm  an d  obtained 
freq u en cy  d e p en d en ce  o f  in c id en t an d  az im u th a l an g les , and 
w av e  p o la r iz a tio n  o f  tw eek  sfe rics . T h e  o b se rv e d  value ot 
w av e  p o la r iz a tio n  can  be a  u sefu l q u an tity  to  study  the 
in h o m o g en e ity  an d  an iso tro p y  o f  th e  lo w er ionosphere 
[3 6 ,37 ]. R a fa lsk y  et al [38] h av e  d e v e lo p e d  a  n ew  technique 
to  e s tim a te  d is tan ce  o f  th e  lig h tin g  d isch arg e . In  th is  method, 
th e  p h ase  sp ec tru m  o f  th e  f irs t m o d e  o f  th e  E arth -ionosphere  
w av e -g u id e  is to  b e  a p p ro x im a te d  w ith  a  m o d e l func tion  of 
tw o  m ain  p a ram e te rs  : th e  io n o sp h e ric  h e ig h t an d  the
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distance to  the source, in the frequency range between the 
first and the second c u t-o f f frequencies. The effectiveness o f  
the technique was tested on a num ber o f  atmospherics from  
distant (900 -3000  km s) sources. The discussions presented 
in this section c lea rly  show that tweek sferics can be used 
10 characterize the lig h tn in g  discharge and the low er 
ionosphere.
4. W h is tle rs
Radiation in a re la tive ly  low  frequency range ( -  0.3--30 k l Iz) 
during lig h tn in g  discharge is the source o f  whistlers. A fte r 
radiation from  lig h tn in g  discharges, the V L F  waves penetrate 
the atmosphere, the ionosphere and get trapped in to the duct 
spread along the geom agnetic fie ld  lines. Dispersion is 
produced in the V L F  wave energy during  propagation, 
which causes the production  o f  w h is tle r waves. Thus, apart 
from the source effect, problems related w ith  the lilinsm ission 
o f waves through the ionosphere, wave tr^ ip in g  in the duct, 
wave leakage from  the duct, existence o f  the ducts, etc. 
control the occurrence o f  whistlers. W histlers propagate 
tlirough the ionosphere and the magnetosphere in the w h istler 
mode, wh ich  is possible on ly  in the magnetized plasma and 
at irequencies below  both the plasma frequency and electron 
ro-frequency. I he waves guided through the magnetosphere 
by fie ld -a ligned  irregula rities  or ducts can propagate from  
one hcmi.sphere to the other hemisphere w ithou t loss o f  
energy and w ith  appreciable dispersion. The re flection  o f  
wave energy e ither from  the ground or from  the ionosphere 
produces m u lti-hop  spectrum o f  whistlers Usually, a ligh tn ing  
discharge illum inates more than one duct in the magnetosphere 
and the resw iting w h is tle r trace consists o f  several discrete 
components separated in tim e due to d ifferences in travel 
time through d iffe re n t ducts. Such whistlers are called 
m ulticom ponent whistlers.
I f  a rece iver is placed in space, onboard a satellite or a 
rocket, w h istlers whose path deviate s ign ifica n tly  from  the 
Earth's m agnetic fie ld  lines can also be detected. Such non- 
ducled w h is tlers  show a w ide varie ty o f  frequency-tim e 
signature depending on the location  o f  the receiver, and on 
the electron density d is tribu tion  and ion com position o f  the 
m edium . A p a rt from  the fact that the w h is tle r dispersion is 
contro lled by the electron and ion d is tribu tions o f  the 
ambient m ed ium , there is also evidence that w histlers interact 
w ith  energetic electrons present in  the radiation belts during  
the ir trans it through the magnetosphere. Such interactions 
may result in the a m p lifica tion  o f  the w h istlers, trigge ring  
o f  emissions at new frequencies, and prec ip ita tion  o f  some 
o f  the in te racting  energetic electrons [39 ,40]. P recip itating 
energetic electrons in tu rn  produce enhanced ion iza tion, 
heat, and op tica l em issions in the ionosphere, as w e ll as
X-rays detectable down to about 30 km altitude (41-43J. 
Strangeways [44] has studied ligh tn ing  induced enhancements 
o f  D -reg ion  ion iza tion  and w h is tle r ducts using 3 -D  
magnetospheric ray-tracing program. He has shown that the 
enltencement o f  D-region ion ization is over much w ider 
region than the actual duct w id th  in the interaction region. 
Sa>^henko and Vaisrnan [45 ] have shown that the V L F  hiss 
b u iits  observed on the ground can be form ed by refraction 
an4 scattering o f  the V L l- waves in the ionosphere on 
irrcjgularilies generated during  the precip ita tion o f  energetic 
electrons induced by whistlers.
*/./. Probing of medium by whistler waves .
The waves propagciting through the plasma m edium get 
dispersed, high frequency precedes the low  frequency, and 
the entire*signal tone is called as whistlers. The analysis o f  
w h is tle r dispersion yields in form ation  about the medium  
parameters such as electron density, tota l electron content in 
a flu x  tube, electron temperature, magnetic fie ld  and large- 
scale convective e lectric fie lds present in the m edium .
The estimation o f  parameters o f  the m edium  involves 
various assumptions about the wave propagation and about 
the medium. Some o f  these are :
( i)  W histle r waves are assumed to propagate along 
geomagnetic fie lds either in ducted mode or in p ro­
long itud ina l mode.
( i i )  Wave norm al angle is assumed to be zero.
( i i i )  A m p lif ic a tio n /a tte n iia tio n  o f  the w ave d u rin g  
propagation is not considered,
( iv )  rhe group ve loc ity  is given by dcoidk.
(v ) fhe  plasma is cold and collis ionless.
(v i)  Geomagnetic fie ld  is d ipo la r throughout the region 
o f  w h is tle r wave propagation.
The dynam ic spectra o f  w h is tle r waves can be classified 
as spectra containing
(a) both in itia tin g  sfcrics and nose frequency,
(b ) nose frequency on ly ,
(c) in itia tin g  sferics on ly , .
(d ) neither nose frequency nor in itia tin g  sfcrics.
The dynam ic spectra o f  wh istlers fa llin g  under the firs t 
ca te go ry  was in i t ia l ly  e x p lo ite d  fo r  d ia g n o s tic s  o f  
magnetospheric parameters. For the rest o f  the other categories 
o f  whistlers, extrapolation m ethod has been proposed from  
tim e  to  tim e. Both the tra d itio n a l m ethods and th e ir 
extrapolations have been discussed and reviewed [7 ,46 ]. In 
p rob ing the m edium , w h is tle r wave is considered to  propagate 
along the geomagnetic fie ld  line. E rrors due to igno ring  
sm all deviations from  s tric tly  long itud ina l propagation arc
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usually  less than  1%. U sing  the g roup  refrac tive  index for 
w h istle r m ode, ex p ressio n  for travel tim e is w ritten  as
/ ( / )  -  J  n ^ /c d s
= l / 2 c  J  fp {s) /  [ . / / / /( i ){ l  -  f l f „  ( . V ) } ' ds . (6 )
T he  ab o v e  eq ua tion  can  be in teg ra ted  num erica lly  i i fp  and 
fii are  know n  a lo n g  the path o f  p ropagation . T o evalua te  
the  above  in teg ra l, v arious m o d els  for the m agneto sphcric  
e lec tron  den sity  have  been p roposed  from  tim e to tim e. 
D iffu sive  equ ilib riu m  m odel w hich  is the m ost w idely  used, 
is w ritten  as
Z -?/, e x p ( - r / / / , ) /  c x p ( - r . , , , / / / , )
1/2
(7)
w here  z - r ^ -  Af//* ( / 2 ^ /2 ^ j ) ( r ‘ cos^ cp-  cos" <p\ ) and 
H, =  A 7 ;,/w ,g i,
k  is the B o ltzm ann  constan t, T  is the tem pera tu re , ^  is the 
frac tional co n cen tra tio n  o f  an ion species. T he subscrip t / 
re fe rs  to  /^th ion species, 1 re fers to  an a rb itra ry  reference  
level, eq refers to  the m ag n etic  d ipo le  equato r. is the 
an g u la r v e lo c ity  o f  the E arth 's ro ta tion  (7 .27  x 10  ^ rad /sec) 
and  g , is the  acce le ra tio n  due  to  g rav ity  at the re fe ren ce  level. 
F o r num erica l co m p u ta tio n , the re fe ren ce  level is considered  
as 1000 km . F o r low  la titudes, the re fe ren ce  level has been 
con sid ered  4 0 0  km . U sually , T  -  1000 k and  an ionic 
com position  o f  9 0 %  0 \  8 %  H* and  2%  He" at the  re fe rence  
level have been  con sid e red . S ub stitu tin g  fo r th e  p lasm a 
m odel and  d ip o la r m ag n e tic  fie ld , the  tim e delay  can  be 
w ritten  as
- R r l f ,
V\
"p ,^ iifikq l4 -  J  /((^)[l +  3 sin 2 (f\
3 /2
cos'* <!> f){^  -f 3sin~ “  cos^ <t>^ d^<jf. (8 )
T he above  eq u a tio n  is u sed  to  evalua te .//, (nose  frequency ) 
an d  in (travel tim e  fo r n o se  freq u en cy ) fo r p rop ag a tio n  
th ro u g h  th e  m ag n e to sp h cric  pa th s on ly . C o rrec tion  in travel 
tim e  fo r p ro p ag a tio n  th ro u g h  th e  io n o sp h ere  and  th e  E arth - 
io n o sp h ere  w a v e -g u id e  is ca rried o u t. T he co rrec ted  va lues 
fn  an d  a re  u sed  to  estim a te  the  param eters . T he em p irica l 
fo rm u las  re la tin g /^  an d  /„ to  the  m ag n e to sp h eric  param eters  
a re  [47]
flUq -  ^  fn,
=  (9)
F r o m  t h e  e q u a t o r i a l  e l e c t r o n  g y r o - f r e q u e n c y  the 
i - v a l u e  o f  t h e  p a t h  is  o b t a i n e d  ( i  =  ( 1 . 7 4  
Neq is  t h e  e q u a t o r i a l  e l e c t r o n  d e n s i t y ,  N t  i s  t h e  t o t a l  number 
o f  e l e c t r o n  i n s i d e  m a g n e t i c  f l u x  t u b e  e x t e n d i n g  f r o m  the 
r e f e r e n c e  l e v e l  t o  t h e  e q u a t o r  a n d  h a v i n g  1 c m ^  cross 
s e c t i o n a l  a r e a  a t  t h e  r e f e r e n c e  l e v e l .  N \ is  t h e  e l e c t r o n  d e n s i ty  
a t  t h e  r e f e r e n c e  h e i g h t .  T h e  q u a s i  c o n s t a n t s  K  v a r y  s lo w ly  
w i t h  L.
T h e  e l e c t r o n  d e n s i t y  in  t h e  e q u a t o r i a l  p l a n e  a n d  d i s t r ib u t io n  
o f  e l e c t r o n  d e n s i t y  a l o n g  g e o m a g n e t i c  f i e l d  l i n e s  is 
d e t e r m i n e d .  A n a l y z i n g  w h i s t l e r s  r e c o r d e d  c o n t i n u o u s l y  at a 
s t a t i o n ,  t e m p o r a l  v a r i a t i o n  o f  e l e c t r o n  d e n s i t y  c a n  a l s o  be 
s t u d i e d .  S u c h  a  s t u d y  is p o s s i b l e  o n l y  w h e n  t h e  o c c u r r e n c e  
r a te  is h i g h  f o r  l o n g  d u r a t i o n .  T h e  e q u a t o r i a l  a v e r a g e  
e l e c t r o n  d e n s i t y  a s  a  f u n c t i o n  o f  L - v a l u e  d e r i v e d  from  
w h i s t l e r  d a t a  r e c o r d e d  a t  V a r a n a s i  d u r i n g  M a r c h ,  1991 ib 
s h o w n  in F i g u r e  8 .  In  t h e  s a m e  f i g u r e ,  a v e r a g e  e le c t ro n  
d e n s i t y  d c i  i v e d  f r o m  w h i s t l e r s  r e c o r d e d  a t  S i p l e  ( J u n e ,  19 7 3 )
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Figure 8. Variation of electron density as a function of /.-value. I ihany 
(70 74) correspond.s to winter period where as (72-75) corresponds lo 
summer period For comparison purposes satellite (ISKFl) data is also 
included
and  T ihan i (1 9 7 0 -1 9 7 4 ; 1Q 72-1975) are a lso  p lo tted . We 
find  th a t o u r  d a ta  co m p ares  w ell w ith  th o se  rep o rted  by 
o thers [48 ,49). T ihan i da ta  w ere  d iv ided  in to  su m m er (M arch- 
A u g u st, 1972 -1975 ) and  w in te r (O c to b e r-F eb ru a ry , 1970- 
1974) p e riods. It is seen  th a t  fo r  L > 2 .4 , th e re  is a  lower 
den sity  in su m m er than  in th e  w in ter. In  th e  sam e  figu re , we 
h av e  p lo tted  rep re sen ta tiv e  v a lu e  o f  e lec tro n  d en s ity  profile 
fo r 2 <  i  <  8  d e riv ed  from  IS E E l sa te llite  m easurem en ts. 
T h e  m easu red  p ro file  b e lo n g s  to  v e ry  q u ite  m agnetic  
co n d itio n s  and  ap p ea red  to  be w ell ap p ro x im a ted  b y  a  linear 
re la tion  betw een  log  Ntq  an d  i- v a lu e .  C arp en te r and  A nderson 
[SO] h av e  su g g es ted  th a t th e  d e riv ed  p la sm asp h e r ic  d a ta  in 
th e  L  ran g e  2 <  i  <  8 , can  b e  rep re sen ted  by  th e  em pirical 
re la tio n
N ,q  =  10<-0.3H5/, + 3.9043)g/ c„j-3 . (10)
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Similar expression was g iven by Park and H e lliw e ll [48 ] 
where in the slope o f  the line, r f( lo g  N eq )/JL  was -0 .3 9 5  
instead o f -0 .3 1 4 5 . The value obtained by Park and H e lliw e ll 
[48] was based on plasmaspheric w h is tle r data acquired 
under a w ide range o f  m agnctospheric conditions and hence 
it included the effects o f  disturbance-associated decreases in 
the outer plasmasphere. Errors introduced in the determ ination 
of Neif values due to  unavoidable approxim ations in the 
whistler analysis are discussed by Singh at al [7 ].
The remote sensing method discussed in this section 
using ground based fa c ility  does not y ie ld  local value o f  the 
e le c t ro n  density in  the magnetosphere. Trakhtengerts and 
Rycroft [5 1 ] have suggested a m ethod based on the 
phenomena o f  non-linear w h is tle r wave re flection  from  the 
lower hybrid  resonance level [52 ], w h ich  a llow s us not on ly  
to measure the local value o f  e lectron density but also to 
localize the place o f  measurements in the magnetosphere. 
Near the region o f  parametric reflection (when wave frequency 
becomes equal to  low er h yb rid  resonance frequency), a 
su fllc icntly  intense w h is tle r signal generates tw o  electrostatic 
plasma waves a resonance cone wave and an ion cyc lo tron  
v\avc. fhese tw o  waves having  m in im a l dam ping rale and 
minimal group ve lo c ity  pro jections on to the m agnetic fie ld  
are e ffective ly  accum ulated inside a narrow  layer. Th is layer, 
fi lled b y  tw o  plasma waves, serves as a non-linear m irro r fo r 
the in itia l w h is tle r wave. Using  th is new m ethod, one can 
obtain im portant in fo rm a tion  about short scale low  frequency 
turbulence (ion  cyclo tron  waves) present in the magnetosphere 
[5 1 j.
The w h is tle r technique is ve ry useful in determ in ing  the 
location o f  plasma-pause and its m ovem ent during  magnetic 
storm periods. Plasma-pause is the location at w h ich  density 
suddenly drops by an order o f  m agnitude or m ore [53 ]. The 
density grad ient at the plasmapause (in  the equatoria l region) 
were expected to  be steepest and hence most readily identified 
in the hours fo llo w in g  a sustained increase in magnetic 
disturbance a c tiv ity . D u ring  recovery phase, re f il l in g  occurs 
and density gradients become Ifess steep [50 ]. Th is has been 
established by w h is tle r studies.
The to ta l e lectron content in a f lu x  tube o f  un it cross­
-section area at the reference he igh t is obtained by evaluating 
ihe fo llo w in g  integral
equator
N r=  ^N is){B ,IB (s))ds
ref
(11)
where Br is the m agnetic f ie ld  at the reference height and 
% )  is the m agnetic  fie lds at any o ther po in t s a long the fie ld  
Hne. The above in tegra l is evaluated and the varia tion  o f  to ta l 
electron content w ith  I -v a lu e  derived from  w h is tle r data is
shown in Figure 9, w h ich  shows scattered behaviour. In spite 
o f  the rapid decrease in volum e o f  geomagnetic fie ld  line 
tubes, the increase in Nr at low er Z,-value is unrealistic and 
can be explained by the electron density enhancement o f  
the (Jiicting structure above the ambient electron density.
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Figure 9. Variation of total electron content (electrons citr  ^ tube *) in a 
(lux tube with /.-value is shown
A t L > 2, density enhancements -1 0 %  are su ffic ien t to duct 
whistlers, where as at low  L-values the enhancement factors 
-100%  are required fo r ducted propagation o f  whistlers. 
Hence, there is over estimation o f  electron density and to ta l 
electron content in a fiu x  tube derived from  w h is tle r data 
recorded at low  latitudes.
The w h is tle r technique has also been used to  estimate the 
upward and dow nw ard transport o f  ion iza tion  flu x  w h ich  is 
found to  be o f  the order o f  10^ electron/cm^-sec. Singh 
a t  al [54 ] have argued on the basis o f  reported data that the 
dow nw ard transported flu x  increases w ith  the increase in 
magnetic ac tiv ity , w h ich  clearly  supports that the large 
magnetic ac tiv ity  causes m ovem ent o f  plasma-pause closer 
to the surface o f  the Earth.
I f  a w h is tle r duct d rifts  rap id ly  inw ard  (ou tw ard), the 
nose frequency increases (decreases) w ith  tim e. Such a d r if t  
is caused by an e lectric fie ld . D r if t  ve lo c ity  is g iven by 
E  X BIB^, In the equatoria l plane, it is g iven by K j = EIB, 
where E is the east-west e lectric fie ld . C om paring  th is d r ift 
ve loc ity  w ith  the d ir f t  ve loc ity  derived from  w h is tle r path 
deviation, e lectric fie ld  is estimated. I f  a large num ber o f  
whistlers are analyzed then E can be determ ined w ith  a 
precision o f  0.1 m V /m . The technique has been w id e ly  used 
to  measure east-west e lectric  fie ld  during  qu ie t tim es as w e ll 
as storm  times. T y p ic a lly , the value is found to range 
between O.l and 0.7 m V /m  [7 ].
Considering the upper c u t-o f f frequency o f  the nose 
w h is tle r to  be due to therm al attenuation, the electron 
temperature has been estimated to  vary between 1.7 eV
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(2 10^ K ) and 4 eV at A 4. I'he method was not w ide ly
used because it is d if f ic u lt  to distinguish whether the upper 
c u t-o f f in the spectrum was due to thermal attenuation or 
propagational effects [55 ]. A ttem pt has also been made to 
in fe r magnelospheric electron temperature from  w his tler 
dispersion measurement [56].
The d iffused  nature o f  w h is tle r trace yields inform ation 
about duct w id th . Duct life tim e  is determ ined from the power 
spectrum analysis o f  w h is tle r data. Duct w id th  may va r\ 
between 10 and 100 km. Duct life  tin ie  usually vanes 
between 30 m inutes and 2 hours, although, duct life  tim e as 
high as 1-2 days are also reported [7 ]. IX icts occupy 
re la tive ly  sm all vo lum e (0.01% ) in the magnetosphere. 
Cole [57 ] fo r the firs t tim e suggested the form ation  o f  fie ld 
aligned ducts by interchange o f  plasma in flux  tubes driven 
by £  >< £ ' force. Park and l le ll iw e ll  [58 ] suggested that the 
e lectric fie ld  £  d r iv in g  the plasma m ix in g  in the flu x  tube 
is thundercloud electrostatic fie lds. Park and Dejnakarintra 
[59 ] computed high a ltitude electric fie lds due to e lectrified  
clouds tak ing  in to account the presence o f  ionosphere and 
showed that the flux  interchange mechanism o f  duct fom iation 
is plausible. The estimation o f  high a ltitude electric fie lds is 
h ig h ly  sensitive to the atmospheric conductiv ity  p ro file . 
Rodger a / [60 ] have shown that under ‘ ty p ic a f conductiv ity  
conoitions the h igh a ltitude electric fie lds from  even giant 
thunder clouds are too small to create a realistic w h is tle r duct 
in a realistic period. Th is is va lid  fo r both day and n ight 
conditions.
The norm al spectrogram o f  a w h is tle r when analyz.ed by 
matched filte r in g  technique produces a dynam ic spectra w ith  
h igher resolution in both fre qu e ncy  and tim e, and usually 
many fine  structure component are seen [8 ,61,62]. These 
results indicate the existence o f  a num ber o f  fine  structure 
ducts w ith in  a broader duct. Ray tracing com putation showed 
that the rays firs t trapped in the m ain duct at low  altitude 
m ay be fu rther trapped w ith in  fine structure enhancements 
at h igher altitudes. The ex it from  duct takes place in the 
reverse order [63 ], The fine  structure components are useful 
in p rob ing  the duct structure present in the magnetosphere 
and in understanding the ducted mode propagation o f  
whistlers. Singh et at [64 ] and Singh and Hayakawa [65 ] 
have reported w h is tle r trip le ts. Frequency and tem poral fine- 
structure reported by them are ind iv idua l whistlers having 
d iffe re n t dispersion and path o f  propagation, and hence fine 
structures reported by Singh and Hayakawa [65 ] are d iffe ren t 
than those reported by S ingh ei al [8 ,62 ]. Trace sp litting  o f  
w h is tle rs  [8 ,61 ] can be expla ined by considering m ultim ode 
propagation th rough the duct, as La ird  [66 ] has shown that 
d ifferences in  propagation tim e  between modes fo r  ducted 
w h is tle r paths can be o f  the order o f  m illisecond. Further,
duel clusters contain ing a large num ber o f  c lose ly spaced 
ducts are not reported from  satellite observations.
4 2. Earth quakes and w/ustler wave activity :
Both precursory and post-seismic variations in w ide band 
I 'L F /V L F  (from  few  Hz to few kH z) amplitudes are observed 
when the satellite passes over the active Earthquake zone 
[67,68]. The associated wave phenomena can be discussed 
in terms o f  generation o f  waves due to seismic changes and 
m odifica tion  o f  wave amplitude/phase when the path ol 
propagating wave from  source to rece iv ing  po in t pa.s.ses over 
the active Earthquake zone. A ll  these observations considered 
together could lead to a possible understanding o f  wave 
phenomena associated w ith  Earthquakes.
Recent observations ( |6 9 | and references there in ) in d ic a te  
wide frequency range electrom agnetic wave association with 
Earthquake. There are tw o  main hypothesis regarding liie 
generation mechanism o f  these waves : (a) electromagnetic 
waves arc d irec tly  em itted from  the Earthquake focal r e g io n ,
(b) the emission is a result o f  e lectric charge redi.stribiition 
in the Earth's atmosphere.
It is known that m icro -fracture  o f  the rock under tlie 
ground, continuously occurs before an [ ‘Earthquake shock 
rhe rocks under mechanical stress em it electromagnetic 
waves, rh is  has been observed during laboratory experiments 
[70,71]. I he strains or break down on the rock cause huge 
amount o f  the emission o f  the exo-electrons (free electrons). 
Ihese electrons excite plasnions at frequency {(Op = (nc\' 
/.V/To)*''^ ) which depends on the valance electron density and 
re lative d ie lectric  constant. Inside the Earth, n may vary 
between 1()’^~10^'^’ m and lies in the I'ange 3 -1 0 ^  The 
corresponding pla.sma frequency (10 ‘^ - 10^) Hz. The 
plasma oscilla tions may be converted in to electromagnetic 
waves o f  the same frequency, 'fbus, the wave from  10 k l l /  
onwards can be explained by this mechanism [72 ]. A lthough, 
the conversion process and propagation o f  the wave from  the 
Earthquake focus to the atmosphere is not understood.
The plasma decay process proposed fo r  h igh  frequency 
waves can not e xp la in  the observed lo w  frequency 
components. Kamogawa and O htsuki [73 ] proposed another 
model based on image-charge o f  the exo-electrons produced 
during  rock fracturing. The cxo-electrons regarded as free 
electrons continuously escapes from  the stress area leaving 
behind positive  charged region. Thus, we can assume that 
positive  true charge exists. W hen the length between the 
charged area and the Earth surface is less than the Debye 
length, then an image charge appears inside the Earth. The 
existence o f  image charge can be understood by considering 
a para lle l s ituation in so lid  state physics. I f  a charged area 
appears inside a metal at a distance sm aller than the Thomas- 
Ferm i length from  the metal surface then because o f  the
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inhomogeneous e lectric  fie ld  screening, an image charge 
aiea is created inside the bu lk. The Thom as-Ferm i length Aji
l y /v 3  where Ferm i ve lo c ity  1), Fj is the
Icrrn i energy. Note that Thom as-Ferm i length is based on 
the Ferm i-D irac d is trib u tio n  function . In the case o f  plasma, 
diargcd particles obey Boltzm ann d is tribu tion  function  and 
hence Ajj is replaced by /l/>. Assum ing T =' lO^'k, n - 10' -^ 
10’ '^  in \  I0 ‘\  Ad -  I O'* m. This shows that fo r the usual
f ,arilK|uake the length between the charged area to the Earth 
surface is shorter than the Deybe-Icngth and the image 
tharge can be considered to be inside the Earth. The m otion 
ot image charge produces the electrom agnetic wave due to 
Hicmsstrahlung mechanism. The m otion  o f  image charge, 
which is caused by the break dow n ve loc ity  o f  the rock; can 
explain the low er/ve ry  low er frequency components o f  the 
waves, rhe intensity  and angular d is tribu tion  can be studied 
by using standard fo rm u la  fo r B rem sslrahlung radiation [74 ]. 
n the break dow n speed is o f  the order o f  1 km/scc, the 
electromagnetic wave frequency is o f  the order o f  10^ Mz 
|7J|, wh ich  corresponds to the observation o f  the low er 
tiLquency com ponent o f  the wave spectrum associated w ith  
I arthquakc.
In another approach, the V L F  waves may orig inate 
through the process o f  e lectric charge red is tribu tion  in the 
1 aillVs atmosphere causing electron density changes [68 ] or 
wave pan ic le  interaction  in the ionosphere [7 5 j. The linear 
p(>Kii i/a tio n  o f  the magnetic signals o f  the present V L F  data 
as found in the sate llite  data al.so supports the idea that the 
\  l . r  waves arc generated in the secondary processes in the 
ionosphere rather than d irect wave propagation from  the 
epicenter o f  the Earthquake. For w ave-partic le  interaction to 
lake place, the wave inust penetrate into  the ionosphere 
w ithout much attenuation. Hence, the w^avc must be very low  
frequency ( /  «  I khz) wave. E LF  waves o f  225 H z is 
observed to increase in am plitude much before than moderate 
l^arthquake [7 6 ]. It  is also possible that se ism ogcnic 
oscillations o f  the low er ionosphere boundary and related 
VLF signal characteristics are induced by re.sonant g rav ity  
waves generated during  the process o f  Earthquake preparation 
ind rela.xation [77 ]. Fhese resonant atm ospheric oscilla tions 
m ight be a m p lifie d  at height o f  7 0 -9 0  km  due to a non- 
cqu ilib rium  situation  connected w ith  strong w inds present in 
the atmosphere.
The ionospheric perturbation caused by Earthquakes can 
be studied using the fo llo w in g  fo u r roots :
(a) The Earth ’s eigen osc illa tions are enhanced during  
Earthquake preparatory stage and generate internal 
g rav ity  waves w h ich  m ay propagate through the 
atmosphere via acoustic mode and m o d ify  the 
parameters o f  the ionosphere.
(b ) Deform ation and fractu ring  o f  ground materials 
cause the generation of VLF/IU ^F electric currents. 
These currents generate electromagnetic emissions, 
wh ich  m ay penetrate into the ionosphere and be 
detected onboard satellites.
(c ) D u rin g  the p repa ra to ry  stage o f  E a rthquake  
radioactive gases (radons) emanate and a ffect the a ir 
conductiv ity . Hence, fa ir-weather current enhances 
and additional jo u le  heating o f  the low er ionosphere 
m odifies (s lig h tly ) the ionospheric parameters.
(d ) The variations in near Earth electrostatic fie ld , 
generation o f  internal g rav ity  waves and other 
k inds o f  seism ogenic e ffects m ay change the 
photochem ical equ ilib rium  o f  the ionosphere. Thus, 
the d iffus ion  process in the upper atmosphere is 
m od ified .
The continuous m on ito ring  o f  V L F  wave am plitude and 
phase show that the wave phase and am plitude change before 
the Earthquake, i f  the path o f  propagation from  transm itter 
to the rece iv ing  system passes over the active Earthquake 
/one. fhese changes may be due to changes in the ion iza tion  
density o f  the low er ionosphere, w h ich  e ffe c tive ly  changes 
the height o f  Earth-ionosphere wave-guide. In fact the excess 
ion ization caused by seismic effects reduces the height o f  
E^arth-ionosphere wave-guide. Some observations are reported 
w h ich  support this v iew , but further study in th is area is 
required.
EU.F/VLF electromagnetic e ficcts associated w ith  seismic 
a c tiv ity  are a re la tive ly  new research area. The associated 
observation and the ir interpretation are at the p rem itive  
stage. A  comprehensive study, m aking use o f  adequate data 
analysis and comparison and tak ing  in to account a ll know n 
physical causes o f  E L F /V L F  emissions, w ou ld  add immensely 
to  this fie ld . It has been observed that d iffe re n t techniques 
used fo r observation and c lassification  o f  seism o-activc 
increases have yielded conclusions d iffe rin g  from  one another
[78 ]. It is not c lear whether the methods em ployed arc 
responsible fo r  such d ifferences o r the existence o f  e ffect is 
doub tfu l. Therefore, in order to establish the properties and 
dependencies o f  th is phenomena, m ore than one method 
should be applied to a large data set o f  events. The geolog ica l 
dependencies o f  the reported seism o-electrom agnetic ac tiv ity  
should be explored. The ro le /e ffccts  o f  fa u lty  systems, 
surface c o n d u c tiv it ie s , ch a ra c te ris tics  o f  the shock's 
(m agnitude, depth, sea/land), and whether the earthquake 
occurs on a tectonic plate boundary, on the obse rvab ility  o f  
’seismo-active’ increases have to  be studied before constructing 
an accurate physical m odel fo r the remote sensing and 
forecasting o f  earthquake.
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5 . V L F  w a v e s  a n d  o p t i c a l  w a v e s
T h e  o b s e r v a t i o n s  o f  o p t i c a l  w a v e s  in r e c e n t  y e a r s  a s s o c i a t e d  
w i t h  l i g h t n i n g  d i s c h a r g e s ,  h a v e  c o m p l e t e l y  c h a n g e d  th e  
p e r c e p t i o n  o f  th e  r e g i o n  a b o v e  t h e  t h u n d e r s t o r m .  T h e  r e g i o n  
w a s  p r e v i o u s l y  c o n s i d e r e d  t o  b e  p a s s i v e  w i t h  a  l im i t e d  r o l e  
in a l l o w i n g  t h e  p a s s a g e  o f  v e r t i c a l  c u r r e n t  t o  m a i n t a i n  t h e  
e l e c t r i f i c a t i o n  o f  t h e  f a i r  w e a t h e r  a t m o s p h e r e  a n d  r a d i o  
w a v e s  t o  t h e  i o n o s p h e r e  T h e  c h a n c e  o b s e r v a t i o n  o f  o p t i c a l  
e m i s s i o n s  in ( h i s  p a s s i v e  r e g i o n  h a s  r e v o l u t i o n i / e d  t h e  s t u d y  
o f  t h u n d e r s t o r m  a c t i v i t y  a n d  its  e f f e c t .  1 h e  o p t i c a l  e m i s s i o n s  
i n c l u d e  r e d  s p r i t e ,  b l u e  j e t s ,  b l u e  s t a r t e r s  a n d  e lv e s ;  a l l  in t h e  
w a v e  l e n g t h  r e g i o n  6 0 0 - 8 0 0  n m .  R e d  s p r i t e s  a r e  b r i g h t  
c h a n n e l s  e .x t e n d i n g  v e r t i c a l l y  u p  f r o m  4 0  k m s  t o  > 9 0  k m s  
h a v i n g  v a r i a b l e  w i d t h  a n d  s h a p e .  D e p e n d i n g  o n  t h e  s h a p e  
o f  t h e  c o l u m n ,  t h e y  a r e  t e r m e d  a s  j e l l y f i s h ,  p l u m e s ,  c a r r o t s  
etc. T h e y  d e v e l o p  t o  fu l l  b r i g h t n e s s  in 1 - 3  m s  a n d  m a y  las t  
f o r  1 0 - 1 0 0  m s  [7 9 J .  R e c e n t  m e a s u r e m e n t s  o f  t h e  s p e c t r u m  
o f  s p r i t e s  s h o w  it t o  b e  t h e  f i r s t  p o s i t i v e  N ?  b a n d  a s  th a t  
o b s e r v e d  in G e i . s s l e r t u b e  d i s c h a r g e  o f  a i r  a t  a  p r e s s u r e  o f  0 .2  
to  2  m m  [ 8 0 ] ,  w h i c h  c o r r e s p o n d s  t o  p r e s s u r e  in t h e  
a t m o . s p h c r e  o f 4 0  6 5  k m .  T h i s  s u g g e s t s  t h a t  r e d  .sp r i tes  c o u l d  
b e  t h e  p o s i t i v e  c o l u m n  o f  a  c l o u d - i o n o s p h e r e  d i s c h a r g e .  
D o w d e n  at o /  | 8 I  | s u g g e s t e d  t h a t  s p r i t e s  c o u l d  b e  t r i g g e r e d  
b y  a m e t e o r  o r  c o s m i c  r a \  s h o w e r  a f t e r  a  c l o u d - t o - g r o u n d  
d i s c h a r g e  h a d  s e t  u p  a  s t a t i c  e l e c t r i c  f i e ld .  S p r i t e s  c o u l d  
a l s o  b e  t r i g g e r e d  b y  w h i s t l e r  i n d u c e d  e l e c t r o n  p r e c i p i t a t i o n  
[8 2 ] .
H iv e s  ( e m i s s i o n  o f  l i g h t  a n d  V L F  p e r t u r b a t i o n  f r o m  
e l e c t r o m a g n e t i c  p u l s e  s o u r c e s )  a r e  b r i g h t  b u t  d i f l u s c  l u m i n o u s  
d i s k s  f o r m e d  b y  t h e  e l e c t r o m a g n e t i c  p u l s e  o f  t h e  c l o u d  to  
g r o u n d  l i g h t n i n g  d i s c h a r g e ,  w h i c h  p r o d u c e s  b o t h  l ig h t  
a n d  i o n i z a t i o n  [ 8 3 ] .  D ^ 's p i te  t h e  v e r y  b r i e f  l i fe  o f  th e  
l i ^ h t  ( a b o u t  1 m s ) ,  t h e  i o n i z a t i o n  .so p r o d u c e d  d e c a y s ,  a s  d o e s  
t h e  s p r i t e ,  b y  t h e  p r o c e s s e s  a n d  in t i m e s  ( - 1  t o  1 0 0  s )  
d e t e r m i n e d  b y  t h e  c h e m i s t r y ,  c o l l i s i o n  f r e q u e n c y ,  etc, 
a p p r o p r i a t e  t o  t h e  a l t i t u d e  ( 7 5 - 1 0 5  k m ) .  T h e  h o r i z o n t a l  
w id th  o f  e l v e s  is a b o u t  1 0 0 - 3 0 0  k m .  7 h e  v e r y  r a p i d  (3 .1  +  
0 . 8  l i m e s  t h e  s p e e d  o f  l i g h t )  h o r i z o n t a l  e x p a n s i o n  o f  e l v e s  
s u p p o r t s  t h e  v i e w  t h a t  it is d u e  t o  a n  e l e c t r o m a g n e t i c  p u l s e  
c r e a t i o n  m e c h a n i s m .
Blue je ts are deep blue in appearance and the emission 
IS assumed to be the firs t negative group system ,o f  They 
propagate upw ard starting from  sm all regions d irec tly  above 
the active core o f  thundercloud w ith  a speed o f  7 5 - 2 2 0  km / 
sec. The te rm ina l a ltitude reached is 4 0 -5 0  km . Blue jets are 
longer lived  than red sprites and have a life  tim e o f  about 
250 ms, w ith  the brightness decaying sim ultaneously along 
its length. B lue  starters are d istinguished from  blue jets by 
the ir much low er te rm ina l a ltitude  (--25 km ) and they are 
b righ ter than blue je ts . The em ission p ro file  has not yet been
m e a s u r e d  b u t  it is a s s u m e d  t o  b e  f r o m  t h e  f i r s t  n e g a t i v e  band  
o f  N 2 L
T h e  V L F  w a v e  ( w h i s t l e r s  a n d  e m i s s i o n s )  p r o p a g a t in g  
t h r o u g h  t h e  m a g n e t o s p h e r e  i n t e r a c t s  w i t h  e l e c t r o n s  and  
c a u s e s  t h e i r  p r e c i p i t a t i o n ,  w h i c h  in  t u r n  m o d i f y  t h e  Harth> 
i o n o s p h e r e  w a v e - g u i d e .  T h e  p r e c i p i t a t e d  e l e c t r o n s  in le ruct  
w i th  t h e  VLI-  w a v e s  p r o p a g a t i n g  t h r o u g h  t h e  E a r t h - i o n o s p h u c  
w 'a v c - g u i d c  a n d  m o d i f y  t h e  a m p l i t u d e  a n d  p h a s e  o f  tlie 
i n t e r a c t i n g  w a v e .  T h e s e  w e r e  f i r s t  o b s e r v e d  b y  T r i m p i  in 
A n t a r c t i c a  o n  t h e  V I F  t r a n s m i s s i o n s  f r o m  N S S  ( A n n a p o l i s ,  
M a r> 4 a n d )  a n d  N A  A  ( C u t le r ,  M a i n e )  [84J .  T h e s e  p e r tu r b a t i o n s  
w e r e  a s . s o c i a te d  w i t h  w h i s t l e r s  a n d  t h e  d e l a y  in  t h e  o n s e t  ol 
I r i m p i  w a s  o f  t h e  o r d e r  o f  m i n u t e s .  A r m s t r o n g  [ 4 1 ] r e p o r t e d  
r a p i d - o n s e t  o f  I r i m p i  w i t h  e s s e n t i a l l y  n o  d e l a y  ( <  5 0  rns) 
f r o m  t h e  i n i t i a t i n g  l i g h t n i n g ,  a n d  h e n c e ,  p r e c l u d e d  w 'h is t le r-  
i n d u c e d  e l e c t r o n  p r e c i p i t a t i o n  a s  t h e  c a u s e ,  b e c a u s e  this  
t a k e s  l o n g e r  t i m e s ,  f h e  T r i m p i  h a v i n g  r a p i d - o n s e t  a lso  
d e c a > 'c d  r a p i d l y  a n d  c a n  o c c u r  w ith o r  w i t h o u t  a c c o m p a n y i n g  
w h i s t l e r  i n d u c e d  e l e c t r o n  p r e c i p i t a t i o n ,  f h e  p e r t u r b a t i o n  ol 
p h a s e  a n d  a m p h t u c l e  o f  V L F  w a v e s  c o u l d  a l s o  h e  p roc lucLd  
b y  s p r i t e s  a n d  e lv e s .  F h e s e  a r e  c a l l e d  e i t h e r  a s  V L F  sprites 
o r  V L F  e lv e s .  A  s c h e m a t i c  a r r a n g e m e n t  is s h o w n  in 
F i g u r e  10. In  t h e  f i g u r e  it is s u g g e s t e d  t h a t  t h e  optical 
e m is . s io n s  ( s p r i t e s / e i v c s / b l u c  j e c t s )  i re  a s s o c i a t e d  w i t h  the
IONOSPHERE
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I'iKurc 10. Schematic dia|?ram showing VLl- wave perturbation caused b\ 
red .sprite and produelion of VU- sprite.
p r o d u c t i o n  o f  i o n i z a t i o n  w h i c h  c a u s e s  T r i m p i  o n  t h e  V L F  
w a v e s  f r o m  a  t r a n s m i t t e r  p r o p a g a t i n g  t h r o u g h  t h e  E a r th -  
i o n o s p h e r e  w a v e - g u i d e .  T h e  a m p l i t u d e  a n d  p h a s e  
p e r t u r b a t i o n s  o f  t h e  V L F  w a v e s  c a n  b e  m e a s u r e d  a t  the  
r e c e i v i n g  s i te s .  V L F  s p r i t e s  h a v e  a n  i d e n t i f i a b l e  t i m e  s ig n a tu r e ,  
t h e y  d e c a y  l o g a r i t h m i c a l l y  w 'i th  t i m e ,  n o t  e x p o n e n t i a l l y  as  
IS e x p e c t e d  in  t h e  p r e v i o u s  c a s e  a n d  a l s o  is o b s e r v e d  foi 
c l a s s i c  f r i m p i  [ 8 5 ] .  ' f h e  l o g a r i t h m i c  d e c a y  a r e  e x p l a i n e d  
in t e r m s  o f  s c a t t e r i n g  f r o m  a  v e r t i c a l  c o l u m n  o r  n u m b e r  
o f  c o l u m n s  e x t e n d i n g  f r o m  < 5 0  k m  t o  - - 8 0  k m  a l t i tu d e  
181].
T h e  a b o v e  d i s c u s s i o n  c l e a r l y  s h o w s  t h a t  t h e  V L F  s p r i t e s  
c a n  b e  u s e d  t o  s t u d y  t h e  e l e c t r i c a l  p r o p e r t i e s  o f  t h e  r e d  s p r i t e  
p l a s m a .  R o d g e r  e t u l  [ 8 6 ]  e x a m i n e d  t h e  s c a t t e r i n g  o f  VLF 
w a v e s  b y  a  f i n i t e - l e n g t h  c o l u m n  o f  i o n i z a t i o n  i n s i d e  the  
E a r t h - i o n o s p h e r e  w a v e - g u i d e  i n c l u d i n g  t h e  e f f e c t  of curvature
L igh tn ing  g en era ted  ELF. VLF, o p tica l wa\>es an d  their d iagn ostic  features 24 :
o f  (he  w a v e - g u i d e .  S o m e  s a m p l e  c a l c u l a t i o n s  s h o w  t h e  
d e te c t a b i l i t y  o f  r e d  s p r i t e  a t  l o n g  d i s t a n c e s  ( - 2 0 0 0  m )  w h i c h  
o th e r w is e  c o u l d  n o t  b e  o b s e r v e d .  T h u s ,  it is s h o w n  th a t  
V L F  w a v e s  c a n  b e  u s e d  t o  p r o b e  t h e  o p t i c a l  e m i s s i o n s  a t  
l a r g e  d i s t a n c e s ,  w h i c h  a r e  n o t  p o s s i b l e  b y  d i r e c t  
m e a s u r e m e n t s .
6, C o n c l u s i o n s
In th is  T e v n e w ,  a n  a t t e m p t  h a s  b e e n  m a d e  to  d i s c u s s  t h e  
tc ’i tu re s  o f  w a v e s  a s s o c i a t e d  w dth  l i g h t n i n g  d i s c h a r g e s ,  a n d  
the ir  d i a g n o s t i c  f e a s i b i l i t y .  W e  h a v e  c o n s i d e r e d  F L F  a n d  
VL.F w a v e s  a l o n g  w i t h  o p t i c a l  e m i s s i o n s .  W e  h a v e  a l s o  
d i s c u s s e d  t h e  e f f e c t  o f  E a r t h q u a k e  o n  t h e  g e n e r a t i o n  a n d  
p r o p a g a t i o n  o f  E L F / V L F  w a v e s .  F r o m  t h e  p r e s e n t  s t u d y ,  
f o l l o w in g  p o i n t s  e m e r g e  :
( i) T h e  e n e r g y  o f  t h e  E a r t h - i o n o s p h e r e  c a v i t y  r e s o n a n c e  
IS a  g o o d  i n d i c a t o r  o f  t r a n s i e n t  o p t i c a l  e m i s s i o n s  
o b s e r v e d  a b o v e  t h e  t h u n d e r s t o r m s .
( l i )  H i g h  e n e r g y  E L F  s f e r i c s  ( e n e r g y  >  12 .5  d B )  c o u l d  
b e  c o n s i d e r e d  a s  a n  i n d i c a t o r  o f  r e d  s p r i t e  T h e  
s e c o n d  E L F  p u l s e  q u a n t i f i e s  r e l a t i o n s h i p  b e t w e e n  
s p r i t e  c u r r e n t  a n d  t o ta l  s p r i t e  l u m i n o s i t y .
( l i i )  V L F  s f e r i c s  ( t w e e k s )  c a n  b e  u s e d  to  l o c a t e  t h e  
l i g h t n i n g  s o u r c e  a n d  to  e s t i m a t e  e l e c t r o n  d e n s i t y  at 
t h e  i n n e r  e d g e  o f  t h e  i o n o s p h e r e .
( i v )  D i s p e r s i o n  p r o d u c e d  m  t h e  d y n a m i c  s p e c t r a  o f  
s f e r i c s  n e a r  t h e  w a v e - g u i d e  m o d e  c u t o f f  f r e q u e n c i e s  
is a f u n c t i o n  o f  c o n d u c t i v i t y  o f  t h e  E a r t h  a n d  th e  
i o n o s p h e r e  a n d  h e n c e  i n f o r m a t i o n  a b o u t  t h e  
c o n d u c t i v i t y  o l ’ t h e  s y s t e m  c a n  b e  d e r i v e d  
( \ ) W l i i s t l e r  w a v e s  a r e  u s e d  to  e s t i m a t e  t h e  e q u a t o r i a l  
e l e c t r o n  d e n s i t \ ,  e l e c t r o n  d e n s i t y  a l o n g  th e  p a th  o f  
p r o p a g a t i o n  a n d  t o t a l  e l e c t r o n  c o n t e n t  in  a  i l u \  
t u b e  Lhe  l a r g e  s c a l e  c o n v e c t i v e  e l e c t r i c  f i e ld ,  d u c t  
w i d t h  a n d  d u c t  l i f e  t i m e s  a r e  a l s o  e v a l u a t e d  f r o m  
t h e  d i s p e r s i o n  a n a l y s i s  o t  w h i s t l e r s  w i t h  r e a s o n a b l e  
a c c u r a c y
( v i )  It is f o u n d  th a t  w h i s t l e r s  r e c o r d e d  a t  V a r a n a s i  a r e  
p a r t  o f  m i d - l a t i t u d e  w h i s t l e r s  a n d  t h e y  h a v e  
p r o p a g a t e d  t o  low' l a t i t u d e  g r o u n d  s t a t i o n  t h r o u g h  
t h e  E a r t h - i o n o s p h e r e  w a v e - g u i d e  R e c o r d i n g  
w h i s t l e r s  a t  l o w  l a t i tu d e s ,  m id  l a t i tu d e  m a g n e t o s p h e r e  
c a n  b e  p r o b e d .
( v i i )  G r o u n d  b a s e d  a n d  s a t e l l i t e  o b s e r v a t i o n s  i n d i c a t e  
w i d e  f r e q u e n c y  r a n g e  e l e c t r o m a g n e t i c  w a v e  
a s s o c i a t i o n  w i t h  E a r t h q u a k e .  T h e  o b s e r v a t i o n  m a y  
b e  e x p l a i n e d  in t e r m s  o f  g e n e r a t i o n  o f  weaves d u e  
t o  s e i s m i c  c h a n g e s  a n d  m o d i f i c a t i o n  o f  w a v e  
a m p l i t u d e  a n d  p h a s e  w h e n  t h e  p a t h  o f  p r o p a g a t i n g  
V L F  w a v e  f r o m  s o u r c e  t o  r e c e i v i n g  p o i n t  p a s s e s  
o v e r  t h e  a c t i v e  E : a r t h q u a k e  z o n e .
( v i i i )  A s  m  t h e  c a s e  o f  T r i m p i  e f f e c t s ,  t h e  l o n i / . a t io n  
a s s o c i a t e d  w i t h  o p t i c a l  e m i s s i o n s  c a n  p e r t u r b  t h e  
a m p l i t u d e  a n d  p h a s e  o f  t h e  p r o p a g a t i n g  V I . F  w 'ave .  
P e r t u r b a t i o n  w ill b e  o f  s h o r t  d u r a t i o n  a n d  h e n c e  t h e  
m o n i t o r i n g  o f  a m p l i t u d e  a n d  p h a s e  o f  t h e  V L f  
; w a v e s  t r a n s m i t t e d  f r o m  a  s t a t i o n  w i l l  p r o v i d e  
i n f o r m a t i o n  abt>ut t h e  o p t i c a l  e m i s s i o n s .  S c h e m a t i c  
a r r a n g e m e n t  h a s  b e e n  p r o p o s e d  to  s t u d y  t h i s  c iT ec t
A c h ^ o w l e d g n i e n t
I ' h c J w ' o i k  is s u p p o r t e d  by  t h e  D e p a r t m e n t  o f  S c i e n c e  Ai 
I ' e c f e n o lo g y ,  G o v e r n m e n t  o f  I n d i a  u n d e r  S L R C  p r o j e c t .  W e  
a r e  t h a n k f u l  to  t h e  r e f e r e e  fo r  h i s  s u g g e s t i o n s  a n d  c r i t i c a l  
r e m a r k s .
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